Fatal hyperthermia as a result of 3,4-methylenedioxymethamphetamine (MDMA) use involves nonesterified free fatty acids (NEFA) and the activation of mitochondrial uncoupling proteins (UCP). NEFA gain access into skeletal muscle via specific transport proteins, including fatty acid translocase (FAT/CD36). FAT/CD36 expression is known to increase following chronic exercise. Previous studies have demonstrated the essential role of NEFA and UCP3 in MDMA-induced hyperthermia. The aims of the present study were to use a chronic exercise model (swimming for two consecutive hours per day, five days per wk for six wk) to increase FAT/CD36 expression in order to: 1) determine the contribution of FAT/ CD36 in MDMA (20 mg/kg, s.c.)-mediated hyperthermia; and 2) examine the effects of the FAT/CD36 inhibitor, SSO (sulfo-N-succinimidyl oleate), on MDMA-induced hyperthermia in chronic exercise and sedentary control rats. MDMA administration resulted in hyperthermia in both sedentary and chronic exercise animals. However, MDMA-induced hyperthermia was significantly potentiated in the chronic exercise animals compared to sedentary animals. Additionally, chronic exercise significantly reduced body weight, increased FAT/CD36 protein expression levels and reduced plasma NEFA levels. The FAT/CD36 inhibitor, SSO (40 mg/kg, ip), significantly attenuated the hyperthermia mediated by MDMA in chronic exercised but not sedentary animals. Plasma NEFA levels were elevated in sedentary and exercised animals treated with SSO prior to MDMA suggesting attenuation of NEFA uptake into skeletal muscle. Chronic exercise did not alter skeletal muscle UCP3 protein expression levels. In conclusion, chronic exercise potentiates MDMA-mediated hyperthermia in a FAT/CD36 dependent fashion.
Introduction 3,4-methylenedioxymethamphetamine (MDMA; Ecstasy, Molly) use is associated with multiple adverse effects, including tachycardia, arrhythmia, rhabdomyolysis and hyperthermia. 1 In the rodent model, peak hyperthermia following subcutaneous MDMA administration occurs between 60 and 90 min after dosing. 2 However, dramatic increases in plasma norepinephrine (NE), non-esterified free fatty acids (NEFA) and insulin occur within 30 min of MDMA administration. 2, 3 The hyperthermia resulting from MDMA administration is due to a combination of peripheral vasoconstriction (which prevents heat dissipation) 4 and activation of mitochondrial uncoupling proteins (UCPs). 5, 6 UCPs are localized to the inner mitochondrial membrane that separates the mitochondrial matrix from the intermembrane space. When activated, UCPs dissipate the proton gradient across the mitochondrial inner membrane, resulting in increased proton conductance and the release of energy as heat. 7 NEFA in SKM mitochondria serve as ligand activators for UCP facilitated proton leak. 8, 9 Mills et al. 5 demonstrated that mice lacking UCP3 had an attenuated hyperthermic response to MDMA.
The 35-fold increase in plasma NE levels 2 following MDMA administration leads to activation of peripheral CONTACT Jon E. Sprague jesprag@bgsu.edu 39 College Park, Bowling Green State University, Bowling Green, OH 43403, USA © 2016 Sandra L. Hrometz, Jeremy A. Ebert, Karen E. Grice, Sara M. Nowinski, Edward M. Mills, Brian J. Myers, and Jon E. Sprague. Published with license by Taylor & Francis. This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non-Commercial License (http://creativecommons.org/licenses/ by-nc/3.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The moral rights of the named author(s) have been asserted. a 1 and b 3 -adrenergic receptors (AR). [10] [11] [12] Activation of a 1 AR mediates peripheral vasoconstriction. 13 Activation of b 2 and b 3 AR stimulates hormone sensitive lipase (HSL)-dependent lipolysis of adipose tissue triglycerides (TG) and liberates NEFA into the bloodstream, 14, 15 which in turn activate UCPs. 8, 9 Insulin stimulates translocation of FAT/CD36 to the plasma membrane surface in SKM to mediate fatty acid (FA) uptake. 16 By increasing plasma insulin and NE (to stimulate b 2 and b 3 -ARs), MDMA increases available NEFA in SKM mitochondria to enhance UCP3 activity and therefore heat production. The strength of the relationship between increased plasma NEFA levels and an increased thermogenic response to MDMA has been shown previously in rats fed a high-fat diet. 17 NEFA uptake into SKM requires specific transport proteins including fatty acid translocase (FAT/CD36), plasma membrane associated fatty acid binding protein (FABPpm) and fatty acid transport proteins (FATP 1-6). 18, 19 The specific fatty acid (FA) transporter, FAT/CD36 is the major participant in FA uptake in SKM, adipose and cardiac myocytes. 20, 21 mRNA and protein expression of FAT/CD36 and UCP3 has been shown to increase secondary to exercise. 22, 23 In the present study, we hypothesized that FAT/CD36 and UCP3 expression would increase subsequent to chronic exercise and result in a potentiation of MDMA-mediated hyperthermia. The FAT/CD36 inhibitor, SSO (sulfo-N-succinimidyl oleate 24 was utilized to further characterize the contribution of FAT/CD36 in the hyperthermia mediated by MDMA. Preparation of SSO was carried out using a procedure adopted from Harmon and colleagues (Harmon et al., 1991) . Briefly, N-hydroxysulfosuccinimide was added to a flame-dried 50 mL round-bottomed (RB) flask containing a magnetic stir bar. The flask was placed under an atmosphere of argon. The compound was dissolved in dry N,N-dimethylformamide. Dicyclohexylcarbodiimide was added followed by oleic acid. The reaction stirred 16 h then was filtered through a medium glass fritted funnel (attached to house vacuum) into a flame-dried 250 mL RB. An inverted funnel attached to an argon line was placed above the funnel to blanket the apparatus from atmospheric moisture. The filtrate was sealed with a rubber septum and placed in an ice bath for 4 h while under argon. Distilled ethyl acetate was added via syringe over 20 min. The suspension stirred 30 min and was filtered under argon to collect the white solid on a medium fritted funnel. The funnel was transferred to an argon filled glove bag so that the solid could be transferred into a 100 mL RB flask. The white solid was evacuated~0.1 torr for 6.5 h to obtain 2.33 g (72% yield) of product. For the animal studies, SSO (3.29 g) was placed in an oven dried 250 mL serum bottle. 82 mLs of dimethylsulfoxide (DMSO) (anhydrous 99.9C %) were added and were sealed under argon. For control animals, 100 mLs of DMSO (from same bottle used to prepare the SSO solution) was added to a serum bottle, which was also sealed under argon. Nuclear magnetic resonance (NMR) spectra were recorded on a 200 MHz Varian Mercury Plus instrument using residual solvent peaks as an internal reference. After storing the prepared SSO under argon in a desiccator containing Drierite for four wk, elemental analysis was performed by Atlantic Microlab, Inc. (Narcross, GA, USA) and high-resolution mass spectral analysis was performed by Indiana University (Bloomington, IN, USA). After six wk of storage, little decomposition of material was observed by high performance liquid chromatography.
Material and methods

Animals
Exercise studies
Protocol for chronic exercise and sedentary experimental groups Rats were acclimated and randomly divided into two test groups (n D 24-28): chronic exercise and nonexercise sedentary, respectively. The swim protocol for our chronic exercise training was adapted from previous literature. 25 Rats were placed in a large 132.5 L tubs (82.6 £ 50.2 £ 47.3cm). Once the tubs were filled with lukewarm water (36 C), the rats were not able to grasp the sides or climb out. The tubs were filled to a depth of 33 cm which allowed the rats to swim or tread water without their tails touching the bottom of the tank. Swim time for chronic exercised animals was increased gradually over a period of two wk, up to a maximum swim time of two h per day, five days per wk for six wk. Animals were towel dried and returned to their cages after swimming. Sedentary rats remained in their cages for the duration of the study. Body weights were measured weekly, prior to water exposure.
Study design
The chronic exercise (n D 6 per treatment group) and sedentary (n D 7 per treatment group) animals were randomly divided to one of four test groups: DMSO/ Saline (control), SSO/Saline (SSO only), DMSO/ MDMA (MDMA only) and SSO/MDMA. Animals were first pretreated with SSO (40mg/kg/day, i.p.) or its vehicle, (DMSO) daily for four days. On day four, animals were injected with either SSO or DMSO 30 min prior to MDMA (20 mg/kg, s.c.) or saline injection. Core temperatures were measured at baseline (before MDMA treatment) and every 15 min after MDMA injection for 60 min. Animals were not exercised for at least 24 hours before MDMA administration. At the conclusion of the study (60 min post-MDMA injection), animals were sacrificed. The 60 minute time frame used was a result of our previous studies demonstrating that peak hyperthermia occurs within 60 minutes of MDMA administration and that the mediators (namely NEFA and NE) are elevated within 30 minutes of treatment. 2 The gastrocnemius muscle was removed immediately and flash frozen in liquid nitrogen and cardiac puncture was performed to obtain blood. The dose and pattern of SSO administration was based upon literature of in vivo use of a closely related molecule, sulfo-N-succinimidyl palmitate. 26 Our lab performed a dose-response curve to determine an SSO dose which demonstrated changes in plasma NEFA levels 30 min after MDMA administration, without overt toxicity.
Temperature measurements
Core (rectal) temperature was measured in all animals before injections and after MDMA administration using a Thermalert TH-8 (Physitemp Instruments, Clifton, NJ, USA) monitor with a (RET-2) rectal probe attached to the thermocouple. White petrolatum (Gallipot, St. Paul, MN, USA) was applied to the probe before insertion. The probe was inserted 3 cm into the rectum while the rat was gently restrained. A steady readout was obtained within 30 s of probe insertion.
Statistical analysis
Core temperatures were compared within each treatment group with an analysis of variance (ANOVA) with a Dunnett's post hoc test, while data between the groups were evaluated by an ANOVA with a Student Newman-Keuls post hoc test at each time point. When only two groups were compared, a t test was used. Statistical significance was set a priori at p < 0.05.
Statistical analysis and temperature area under the curve (TAUC)
The temperature measurements were also converted to temperature area under the curve (TAUC) in a fashion similar to those described elsewhere. 27 TAUC is a composite measurement of temperature and was determined for each animal by taking the temperatures measured at baseline (time of MDMA administration) and 15, 30, 45 and 60 min post-MDMA administration. This composite measure represents the area under the curve of a plot of temperature ( C) versus time (min), and is expressed as C x min.
Tissue preparation protocols
Preparation of mitochondrial protein lysates Gastrocnemius samples (100 mg) were minced in cold CP-1 buffer (100 mM KCl, 50 mM Tris-HCl, 2 mM EGTA, pH 7.4, 4 C), homogenized and centrifuged (500 £ g for 10 min at 4 C). Supernatant was collected, filtered (40 mm cell strainers) and centrifuged (10,500 £ g for 10 min at 4 C). Mitochondrial pellets were collected and lysed in RIPA buffer with protease inhibitors (200 nM PMSF, 1mg/mL Leupeptin, 1mg/ mL Pepstatin A, 0.1 kinetic units Aprotinin) on ice for 30 min. Samples were centrifuged (16,000 £ g for 10 min at 4 C) to clear membranes and debris, and supernatant was transferred to a new tube.
Preparation of whole tissue protein lysates
Gastrocnemius samples (100 mg) were placed in an Eppendorf tube in 300mL RIPA buffer with protease inhibitors and a metal bead. Tubes were then loaded on the bead mill and homogenized at 30 shakes/s for 10 min at 4 C. Beads were removed, and samples were centrifuged at 16,000 £ g for 10 min at 4 C, then supernatant was transferred to a new tube.
Western blot analysis
Protein lysates were normalized for protein concentration by BCA Assay (Pierce). Samples were normalized to 10 mg protein per sample for mitochondrial lysates and 30 mg protein per samples for whole tissue lysates with RIPA buffer (50 mM Tris-HCl (pH 7.5), 1% NP-40, 0.5 % Sodium Deoxycholate, 0.1% SDS, 150 mM NaCl, 2 mM EDTA pH 8) and protein sample buffer (7.6 mg/mL Tris, 20 mg/mL SDS, 0.5 mg/mL Bromophenol Blue, 2.5% Glycerol, 1.8% 2-mercaptoethanol) was added. Mitochondrial protein lysates were run on 12.5% SDS-polyacrylamide gel, while 30 mg whole tissue protein lysates were run on a 10% SDS-polyacrylamide gel and both gels were then transferred to nitrocellulose. Membranes were blocked for 24 h in 5% milk in Tris buffered saline with Tween (TBST; (10 mM Tris-Base, 150 mM NaCl, 0.1% Tween-20, pH 7.6) at 4 C, then incubated in primary antibody overnight at 4 C. Primary antibodies were as follows: rabbit polyclonal anti-UCP3 (abcam #3477) 1:3000, rabbit polyclonal anti-Mitofusin 2 (abcam #50838) 1:1000, rabbit polyclonal anti-CD36 (abcam #36977) 1:1000, rabbit polyclonal anti-GAPDH 1:5000. Membranes were then washed, and incubated in secondary donkey anti-rabbit-HRP (GE Healthcare) 1:3000. Membranes were washed in TBST and developed with SuperSignal West Pico Chemiluminescent Substrate (Pierce). FAT/ CD36 and UCP3 expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and Mitofusin2 expression, respectively and compared via densitometric analysis using ImageJ software.
Non-esterified free fatty acid (NEFA) determination Plasma non-esterified fatty acid levels were determined by the acyl-CoA synthetase -acyl-CoA oxidase (ACS-ACOD) method at the Diagnostic Laboratory of the College of Veterinary Medicine at Cornell University (Ithaca, NY). Briefly, acyl-coenzymeA (acyl-CoA) was combined with the plasma to create CoA thiol esters. Acyl-CoA oxidase was then added, generating hydrogen peroxide which, along with included peroxidase, oxidatively condensed 3-methyl-N-ethyl-N-(b-hydroxy-ethyl)-aniline and 4-aminoantipyrine. This created a purple adduct which allowed for measurement of non-esterified fatty acids due to maximal absorption at 550 nm.
Results
Effect of chronic exercise on body weight
After completing the six weeks of exercise, the weight of chronically exercised animals (482.22 g C/¡ 7.97) was significantly (p < 0.05) lower than sedentary animals (512.56 g C/¡ 9.67). Both the exercised and sedentary animals gained weight throughout the study, the exercised animals gained weight at a slower rate.
Effect of exercise and SSO on MDMA-induced hyperthermia
In both the chronic exercise and sedentary groups, MDMA administration resulted in a significantly higher core body temperature than all other treatments (control, SSO only and SSO/MDMA) at the 45 and 60 min time points. Additionally, pretreatment with the FAT/CD36 inhibitor, SSO, significantly attenuated MDMA-induced hyperthermia at 45 and 60 min for both the chronic exercise and sedentary groups (Fig. 1) .
The TAUC analysis reveals MDMA-induced hyperthermia is significantly greater in the chronic exercise group compared to animals in the sedentary group (p < 0.02; Fig. 2 ). However, treatment with SSO significantly attenuated MDMA-induced hyperthermia (p < 0.05) in the chronic exercise group only (Fig. 2) . Core body temperatures for the control and SSO treatments were not significantly different within the chronic exercise (p > 0.05) and sedentary groups (p > 0.05). Likewise, the core body temperatures for the control (p > 0.05) and SSO only (p > 0.05) treatments were not significantly different between the sedentary and chronic exercise animals (data not shown).
Effect of exercise and SSO on MDMA-induced changes in plasma non-esterified fatty acids (NEFA)
NEFA levels were measured 60 min after MDMA administration. Overall, chronic exercise animals had significantly lower plasma NEFA levels than sedentary animals receiving the MDMA only or SSO/MDMA treatments. Specifically, compared to sedentary animals, the chronic exercise animals had significantly lower plasma NEFA levels after MDMA administration (p < 0.002). In the chronic exercise animals, pretreatment with SSO before MDMA (SSO/MDMA) resulted in significantly lower NEFA levels compared to the sedentary animals (p < 0.02). In the chronic exercise animals, NEFA levels in SSO/MDMA treatment group were significantly higher than the MDMA only treatment (p < 0.005) (Fig. 3) . NEFA levels between chronic exercised (0.8 § 0.9 mEq/L) and sedentary controls (0.6 § 0.03 mEq/L) were not significantly different.
Effect of exercise on FAT/CD36 and UPC3 expression in skeletal muscle
FAT/CD36 and UCP3 protein expression in gastrocnemius muscle biopsies from 3 control animals (DMSO/NS) in the exercise and sedentary groups were analyzed via western blotting. Chronic exercise resulted in a significant increase in FAT/CD36 protein expression compared to sedentary animals (p < 0.05) (Fig. 4A) . Conversely, UCP3 protein expression was not significantly changed in either the exercise group or the sedentary control group (Fig. 4B) .
Discussion
Based upon experiments using isolated mitochondrial preparations, UCP proteins have been demonstrated to require FA for their protonophoric, and therefore thermogenic functions. 8 We have previously shown that plasma FA levels increase (at 30 min) prior to peak (at 60 min) sympathomimetic hyperthermia and that a high fat diet increases both systemic FA levels and MDMA-mediated hyperthermia. 17 White adipose tissue (WAT) is the body's largest fuel reservoir and stores lipid FA species of varied hydrocarbon chain lengths and degrees of saturation as TGs in organellar lipid droplets. FA are widely considered to be essential ligand activators of UCPs. 8 Obese Zucker rats have been shown to display a potentiated thermogenic response to MDMA. 3 In the present study, we demonstrate that chronic exercise reduced the animal's total body weight; yet, augmented the hyperthermia induced by MDMA. The finding that body weight is reduced and MDMA-induced hyperthermia is potentiated in the chronic exercise animals suggests that mitochondrial FA uptake and utilization is facilitated in the chronic exercise animals.
FAs liberated from TG in WAT are released into the circulation before being transported into SKM cells by FAT/CD36. Once in SKM, the FAs activate UCP3. 18, 19 FAT/CD36 translocation from intracellular pools to the cell surface of SKM and mitochondria has been shown to be insulin sensitive. 18 Insulin signaling is vital for FA uptake into SKM, and insulin has been demonstrated to play a role in mediating the thermogenic effects of MDMA. 3 The expression and activity of FAT/CD36 has been shown to increase with SKM contraction secondary to electrical stimulation in rats, 19, 21, 22, 28 swim exercise in mice 31 and aerobic exercise in humans. 29, 30 The types of aerobic exercise employed to increase FAT/CD36 expression included a one-time bout of stationary bike cycling for two h in male and female subjects 29 and six wk of high intensity interval training in untrained females. 30 A single bout of swim exercise until exhaustion also increased SKM FAT/CD36 protein expression in mice. 31 Here, we demonstrate that chronic swim exercise also increases the expression of FAT/CD36 in SKM.
Previous research has shown that exercise potentiates the toxicity and hyperthermia of MDMA. 32, 33, 34 Reports on the effect of exercise on skeletal muscle UCP expression are inconsistent. In male Sprague-Dawley rats, a bout of 200 min of treadmill running resulted in increased expression of UCP3 in SKM. 23 This same group also subjected rats to a one time bout of swim exercise (30 min periods for up to 200 min interrupted by ten min rest periods) and reported an increase in UCP3 mRNA, but did not report a change in UCP3 protein expression. 23 In male Sprague-Dawley rats, a two wk acclimation period (15 min of treadmill running daily) followed by a single bout of treadmill running (75 to 180 min) was shown to result in UCP3 upregulation. 35 Human subjects undergoing six wk of either endurance or sprint-running training showed decreases in UCP3 expression in specific SKM fiber types. Compared to sprint training, endurance training reduced UCP expression significantly more in type I fibers and significantly less in type IIx fibers.
36 Endurance-trained runners (human) that switched to speed endurance training for four wk showed an insignificant increase (p D 0.06) in protein expression of SKM UCP3. 37 In the present study, we demonstrate that swim exercise for six wk results in significantly augmented expression of FAT/CD36, but did not have an effect on the expression of UCP3 (Fig. 4) . As expected, both sedentary and chronic exercise animals had significant hyperthermia following MDMA administration. However, the chronic exercise animals had potentiated hyperthermia compared to sedentary animals. We speculate that chronic exercise animals with increased expression of FAT/CD36, experienced greater uptake of NEFAs into mitochondria, resulting in a potentiated hyperthermia. This speculation is further supported by results obtained using SSO. When animals were pretreated with SSO to attenuate FA transport into SKM via FAT/CD36, MDMA-induced hyperthermia was attenuated in all animals (chronic exercise and sedentary; Fig. 1, and 2) . 38, 39 Additionally, NEFA data reveal information about the movement of NEFA following MDMA administration. Compared to sedentary animals, the chronic exercise animals had significantly lower plasma NEFA levels 60 min after MDMA and when MDMA was administered after SSO (SSO/MDMA; Fig. 3 ). These finding suggests that the increased expression of FAT/CD36 resulted in enhanced uptake of NEFA from the bloodstream and into plasma NEFA levels were significantly higher than chronic exercise animals receiving MDMA only.
A potential limitation of the present study is that our sedentary control group stayed in their home cages maintained at an ambient temperature of 24 C during the two hour swim period for the chronic exercise group. However, the acclimation of animals to an ambient temperature of 31 C for 30 days has previously been shown to result in a hypothermic response to doses of amphetamine that produced hyperthermia in animals maintained at 21 C for 30 days. 40 In order to maintain our desired thermogenic response, we maintained the sedentary control animals at an ambient temperature of 24 C. Although FAT/CD36 expression increased with chronic exercise, cortisol could have also contributed to the thermogenic effect seen with MDMA. Chronic exercise in the form of forced swim is believed to be a source of stress and would result in the release of cortisol from the adrenal glands. Chronic stress in male Wistar rats (in the form of body restraint (6 h/day ) for up to 5 wk, has been shown to increase the levels of corticotropinreleasing hormone in the anterior pituitary, with no change seen in plasma cortisol levels (Hashimoto et al., 1988) . Thirty days of variable chronic unpredictable stress in male Sprague-Dawley rats has been shown to increase plasma levels of both cortisol and adrenocorticotropin hormone levels. 41 In the 30 day study, rats were randomly subjected to two different stressors per day and they included immobilization for 1 hr (both at room temperature and in a 4 C cold room), cage vibration for 1 hr, isolation in the form of individual caging for 24 hr, crowding (6 rats per cage) for 24 h, 30 min of forced swim in 26 -30 C water or 5 min forced swim in 10 -15 C water. 42 More recently, Johnson and Yamamoto have shown that 10 days of chronic unpredictable stress (which included twice daily stressors such as 15 or 50 min exposure to a cold room (4 C), physical restraint for 30, 50 or 60 min, cage agitation for 20, 40 or 60 min, lights on overnight, 2 or 3 hr of no lighting during the day, 3 or 4 min swim in 23 C water, isolation housing overnight and overnight food and water deprivation) increases basal plasma levels of cortisol. 43 Additionally, they show that prior exposure to 10 days of these chronic unpredictable stresses potentiates MDMA-induced hyperthermia.
The dose of SSO used only resulted in a significant decrease in MDMA-induced hyperthermia in animals with increased expression of FAT/CD36 (chronic exercise vs. the sedentary animals). Increased expression of CD36/FAT presumably allowed for increased uptake of NEFA into SKM, resulting in significantly enhanced MDMA-induced hyperthermia compared to animals with lower expression of CD36/FAT (sedentary animals). Blocking FAT/CD36 in the animals with FAT/CD36 overexpression resulted in significantly attenuated hyperthermia with MDMA, while the sedentary animals (with lower FAT/CD36 expression) did not have an attenuation in hyperthermia. This provides evidence of a more substantial effect of FAT/CD36 and NEFA uptake as a mediator of MDMA-induced hyperthermia over the effect of cortisol release in response to chronic stress. 
